Abstract-Arterial restenosis associated with intimal hyperplasia is the major cause of long-term failure of vascular interventions. Endothelium injury and the proliferation and migration of smooth muscle cells (SMC) are key events in the development of intimal hyperplasia. The objectives of this study were to develop an ex vivo artery injury model for studying endothelial cell (EC) migration and to compare it with an in vitro co-culture arterial wall injury model in terms of the effect of flow on EC migration and its effect on SMC migration and proliferation. Our results demonstrated that shear flow improves reendothelialization in the injured area by promoting EC migration. The migration distance of ECs is much smaller in the arteries than in an in vitro cell culture model (3.57 ± 1.29 mm vs. 5.2 ± 1.4 cm, p < 0.001). SMC proliferation was significantly less in the EC intact and reendothelialization areas than in the EC denuded areas indicating that reendothelialization suppresses SMC proliferation. Our models provide a new approach to study techniques to enhance endothelium healing.
INTRODUCTION
Angioplasty and arterial stenting are the most frequently performed cardiovascular interventions for the treatment of occlusive atherosclerotic artery disease. 24 However, the use of balloon catheters and stents is associated with injury to the arterial wall, especially to the endothelium. 11, 32, 34 The endothelium is critical in preventing thrombosis, regulating mass transportation, and controlling underlying arterial smooth muscle cell (SMC) growth and function. 5, 23, 35 Loss of the endothelium can lead to thrombosis and intimal hyperplasia, featured by migration of SMCs into the intima and SMC proliferation. Restenosis due to intimal hyperplasia at the stent site occurs in approximately 20% of patients 2, 35 and remains a challenging problem. 26, 33, 41 On the other hand, restoration of the endothelium can inhibit the migration and proliferation of SMC and thereby limit intimal hyperplasia. 30, 40, 42 Therefore, accelerating the rate of reendothelialization at injured areas is an alternative strategy to limit SMC proliferation and arterial restenosis without the use of cytotoxic or cytostatic agents such as those used in drug-eluting stents. 25, 29, 35 Migration of endothelial cells (EC) from the adjacent arterial lumen surface is the primary source of EC to re-populate the injured surface area. 18, 28, 35 Extensive studies using animal models and cell culture models have shown that increased shear stress significantly influences EC morphology, function, and migration. 1, 19, 37 Further understanding of EC migration to the injured area is important in developing new strategies to promote EC migration. To this end, it is necessary to develop an effective model to evaluate the effect of various factors on the migration of EC into an injured area. Artery organ culture models have been proposed as alternative models that combine the advantages of excellent hemodynamic and environmental control and native wall structure for studying vascular biology and wall remodeling. 4, 8, 9, 13, 15, 38 Arterial structure and vasomotor function are well maintained under physiologic flow in the organ culture models. 3, 8, 15, 21 Here we explore the use of the organ culture model to study EC migration.
The objectives of this study were to develop an ex vivo artery injury model for studying EC migration and to compare it with an in vitro co-culture arterial wall injury model in terms of the effect of flow on EC migration and its effect on SMC migration and proliferation. The comparison would allow us to validate the model and evaluate the differences in EC and SMC migration between in vitro and natural arteries.
METHODS

Artery Preparation
Porcine common carotid arteries were harvested from farm pigs (250-300 lb) at a local slaughterhouse. Arteries were rinsed with sterilized PBS (Dulbecco's Phosphate buffered saline, Sigma; supplemented with 1% antibiotic-antimycotic solution, Sigma) and transported to the laboratory in ice cold PBS. Segments of 3-5 cm in length without any leaks were prepared for ex vivo organ culture. 16 The total preparation time between artery harvesting and placing in the ex vivo organ culture system is 3 to 5 h.
Creation of Endothelium Denudation Band in Arteries
In order to measure EC migration to the injured area in arteries, an 8 mm EC denudation band was created in the middle of the arterial segments using a retractable injury device (Fig. 1a) . The retractable injury device, which was custom-made in our lab, consisted of metal wires that can be deployed from a thin metal tube and partially retracted back into the metal tube. The tube's outer diameter (2.5 mm) was much smaller than the inner diameter of the arteries (4.2 mm) and therefore can be inserted into the arteries without causing significant damage to the intima. The tube was connected to an adjustable stopper to control the axial position of its tip in an artery. Arterial segments were mounted onto the stainless steel cannulae in the vessel chambers in their in vivo length using sterile surgical sutures. The injury device with the metal wires retracted in the metal tube was inserted from the distal end of the arteries through the distal cannula. After positioning the tip at the middle of the arteries (half length from the distal end), the wires were deployed to denude the endothelium and created an 8 mm band at the middle of the arteries (Fig. 1b) . The wires were then retracted back into the metal tube and the device was gently pulled out of the arteries.
Artery Organ Culture
After the creation of the EC denudation band, arteries were maintained using our ex vivo perfusion organ culture system (Fig. 1c) which has been described in detail previously. 15, 16 The organ culture system was placed in incubators at 37°C and aerated with a mixture of air and 5% CO 2 . The perfusion to the arteries was in the same direction of in vivo blood flow (from proximal to distal) and was driven by a peristaltic pump. The perfusion and bath media consisted of Dulbecco's Modified Eagle's Medium (DMEM, Sigma), supplemented with sodium bicarbonate (3.7 g/L, Sigma), L-glutamine (2 mM, Sigma), calf serum (10%, Sigma), Hepes buffer solution (25 mM, Gibco), antibiotic-antimycotic solution (1%, Sigma) and dextran (50 g/L; Sigma). Bromodeoxyuridine (BrdU, at a dose of 5 mg/L, Sigma) was also added to the perfusion medium at the beginning of the experiment to label the nuclei of proliferating cells. The perfusion flow and pressure were gradually increased to the designed flow rate, pressure, and pulse frequency and monitored using a computer.
All arteries were maintained under the same axial stretch ratio (k z = 1.5), mean pressure (100 mmHg), and pulse amplitude (20 mmHg). One group of arteries were maintained under normal arterial flow of 160 mL/min to generate a normal arterial shear stress of~1.5 Pa to the endothelium (arterial shear group) while the other group of arteries were cultured under a low flow of 16 mL/min to generate a low shear stress of 0.2 Pa (low shear group). The mean wall shear stress was determined from the flow rates using Poiseuille flow equation
where r is the lumen radius of the vessel, l is the viscosity of the medium (4 cP), and Q is the mean flow rate. Our measurements showed that when the pulsatile pressure oscillated between 80 and 120 mmHg, the flow rate oscillated from 156 to 165 mL/min (a 5.4% change) and the vessel diameter oscillated about 2% from their mean values.
Measurement of Endothelial Cell Migration in Arteries
After 7 days of organ culture, the arteries were harvested from the vessel chamber and cut longitudinally using a surgical blade. The arterial specimens were pinned down in their in vivo stretch ratio (i.e. at the same lengths as in organ culture) and stained with 0.5% Evans blue dye (MP Biomedicals) to visualize EC denuded area. Then the specimens were fixed with 10% buffered formalin for two hours, stained with Hoechst 33258 (1 mg/L, Molecular Probes), and mounted onto concavity glass slides. The EC denuded areas were identified under a fluorescent microscope (109 objective) and consecutive pictures were taken from the upstream border to the downstream border. Then, the band width of the EC denuded area was measured at three to five locations along the circumference and averaged for each artery. The migration distance was then computed from the reduction of the band width of the EC denuded area.
Histology
After measuring the migration distance, each specimen was divided into three longitudinal strips and processed for paraffin embedding and longitudinal sectioning. Consecutive 5 lm sections were cut and FIGURE 1. Photographs of the retractable injury device (a) and the lumen of an artery stained with 0.5% Evans blue dye (b) illustrating a band of the EC injured area in the middle of the artery created by the retractable device. Schematics of ex vivo artery organ culture system (c) and in vitro co-culture system (d).
processed for hematoxylin and eosin staining, alphaactin smooth muscle immunostaining, and anti-BrdU immunostaining for light and fluorescent microscopy as described below.
Anti-BrdU Immunostaining and Cell Counting
Cell proliferation in the arterial sections was detected using an anti-BrdU staining kit (Labeling and Detection Kit I, Roche Diagnostics) and counterstained with Hoechst 33258 as described previously. 10, 17 First, BrdU-positive cells were counted at two locations in the originally EC intact area and three locations in the EC denuded area (not re-endothelialized) for each longitudinal section to evaluate the effect of EC denudation on SMC proliferation. Then, BrdUpositive cells were counted at locations of 1 mm intervals in the re-endothelialized area to evaluate the effect of EC migration on SMC proliferation.
Alpha-Actin Immunohistochemistry Staining
To identify SMC within EC intact and denuded area, arterial sections were stained with anti-smooth muscle alpha-actin following a standard immunostaining protocol. 7 Briefly, arterial microsections were deparaffined and processed with blocking agent (labeled streptavidin biotin, LSAB Kit, DAKO) for an hour at room temperature. Then the sections were incubated with mouse anti-actin, alpha smooth muscle primary antibody (Clone 1A4A at 1:1000 dilution buffer, Sigma) for 1 h at room temperature, followed by peroxidase blocking solution (LSAB Kit, DAKO) for 10 min and biotinylated horse anti-mouse IgG (LSAB Kit, DAKO) for 30 min at room temperature. The sections were then incubated with RP-Streptavidin diluted in HRP-streptavidin dilution buffer for 30 min (DAB kit, Vector) to detect the alpha smooth muscle actin.
Measurement of Smooth Muscle Cell Area, Aspect
Ratio, Shape Index, and Orientation Angle
After the alpha-actin staining, smooth muscle cell morphology in the EC intact area and EC denuded area was examined using a light microscope and photographed. The area, aspect ratio, perimeter, and major axis orientation angle of SMCs close to the intima were measured using Image-Pro Ò Plus 4.5 software. The aspect ratio and shape index of the SMC were calculated by the following equations 22 : 
The aspect ratio is one for a circle and infinity for a line while shape index is one for a circle and zero for a line. A larger aspect ratio and smaller shape index indicate a more elongated shape.
Media Thickness Measurement
Wall thickness was measured using the alpha-actin stained longitudinal sections. Media thickness was measured in both EC intact and EC denuded areas. For each area, measurements were made at ten different locations and averaged to represent the medial thickness in that area of the artery.
In Vitro Co-culture Injury Model
In parallel to the ex vivo organ culture model, an in vitro EC-SMC co-culture injury model was developed for comparison using EC and SMC isolated from porcine carotid arteries. Artery segments were opened longitudinally using small iris scissors and pinned to a sterile wax sheet. ECs were obtained using a scalpel blade to scrape along the luminal surface. The scraped ECs were placed in culture medium, centrifuged, re-suspended in culture medium, seeded into culture flasks, and maintained in culture until use. The identification and purity of the endothelial cell cultures was verified by the uptake of diI-acetylated LDL (Biomedical Technologies, Stoughton, MA). On the other hand, the EC-removed, adventitia-striped arterial media was dissected, diced into 1-2 mm pieces, and individually pressed on to a culture surface to facilitate SMC outgrowth. SMCs were then removed by trypsinization, rinsed, and reseeded in culture medium into culture flasks and maintained in culture until use.
The SMC-EC co-culture model was then created using a protocol modified from our previous model. 36 Specifically, SMCs were mixed into 10 mL neutralized collagen I (5 9 10 5 SMC/mL) and poured into a 10 9 14 9 1.2 cm polyester frame with a solid flat polyester film base to a depth of 1.2 mm. This seeded gel was then placed in a culture dish to culture for 48 h. A 10 cm 9 14 cm 9 600 lm porous polyester mesh (5 lm nominal pores) was then layered on the surface of the SMC gel. A polyester spacer of the same dimensions as the underlying frame was positioned on top of the mesh to hold the mesh in place and to serve as a spacer for construction of the flow chamber. With 50% of the surface (7 cm in length across the whole width of 10 cm) protected by a solid polyester film, ECs (~5 9 10 5 /cm 2 ) were seeded on the remaining half of the surface. This construct was then returned to the incubator to allow the ECs to attain confluence within the seeded area. After 24 h, the protective shield was removed to simulate endothelial injury and this assembly was then placed in a parallel plate flow chamber (Fig. 1d ) for exposure to either low flow that generated a low shear stress of 0.2 Pa (low shear group) or normal flow that generated a normal arterial level shear stress of 1.6 Pa (arterial shear group) for up to 7 days. The shear stress was calculated by
where b is the width of the chamber, h is the height, l is the viscosity of the medium, and Q is the time-averaged volume flow rate.
Measurement of Cell Migration and Proliferation in Co-culture Model
After the 7-day exposure to the shear flows, the assemblies were removed and fixed with 4% formalin. Anti-smooth muscle alpha actin coupled with a Texas red conjugated mouse anti-IgG was used to identify SMC that had migrated through the porous membrane to the top (''intimal'') layer. These migrating SMCs were counted along the entire top surface which was divided into 7 consecutive sections (2 cm in length by 10 cm in width) along the flow direction.
After quantifying SMC migration, the ECs on the porous polyester films were stained using Giemsa staining. The EC migration distance into the ''wounded area'' was measured under a microscope using a micrometer. Cell proliferation was detected by immunostaining the gel with anti-proliferating cell nuclear antigen (anti-PCNA) coupled with an FITC conjugated mouse anti-IgG. The numbers of proliferating SMC per view field were counted microscopically at 5 consecutive sections along the length of the gel (each section covers an area of 3 cm length by 10 cm width and the last section was 2 cm by 10 cm).
Statistical Analysis
All values of measurements were presented as the mean ± SD for each group. Statistical significance between means was determined using the Student's t-test and one-way ANOVA test followed by Tukey's multiple pairwise comparison test. The significance level was set as a p value less than 0.05. (Fig. 1b) . Secondly, Hoechst staining showed an almost complete denudation of EC at the middle of the artery. The denudation band width averaged 8.36 ± 0.65 mm. In addition, Verhoff elastin stain confirmed the integrity of internal elastic laminar in both normal and EC denuded arteries after 7 days in organ culture (Fig. 2) . On the other hand, for the co-culture assemblies, an EC denuded area of 7 cm in width was generated to allow EC migration upon removal of the protective film as described above.
RESULTS
Endothelium Denudation
EC denudation was confirmed by both light and fluorescent microscopic examination in four arteries right after the denudation process. First, Evans blue dye staining showed a clear dark blue band at the middle of the artery
Flow Effects on Endothelial Cell Migration
In both the ex vivo arteries and in vitro co-culture model, the EC migration distance was significantly higher under a normal arterial shear level than under a low shear level. In arteries exposed to low shear, the width of the EC denudation area was only slightly decreased after completion of the flow regimen compared to the width of this zone measured in freshly Fig. 3a) . However, in arteries exposed to arterial shear, the width of the EC-free area was significantly narrowed compared to that of the freshly denuded arteries (4.80 ± 1.29 vs. 8.37 ± 0.65 mm, p < 0.01) or the low shear group (4.80 ± 1.29 vs. 7.42 ± 0.87 mm, p < 0.05). This decreased width corresponded to an EC migration distance of 3.57 ± (Fig. 3b) . Thus, the endothelial migration rate was increased in response to arterial shear stress levels compared to low shear stress in both the ex vivo arterial and in vitro arterial wall models, although the increase observed in the in vitro model was an order of magnitude larger.
Effect of Endothelial Cell Migration on Existing
Endothelial Cell Proliferation EC proliferation, as measured by the BrdU incorporation, was significantly higher in the EC intact area upstream of the EC denuded area than in areas of intact endothelium in arteries without EC denudation that were cultured under the same hemodynamic conditions in our previous study 22 (8.16 ± 3.04 vs. 18.99 ± 8.23%, n = 4,4, p < 0.05, Fig. 4) . These results indicate that EC migration is associated with increased EC proliferation.
Effects of Flow and Endothelial Cell Denudation on Smooth Muscle Cell Proliferation
In arteries, SMC proliferation was significantly higher in EC denuded areas than in EC intact areas (Fig. 5, top panels) regardless of their exposure to either low or arterial shear stress levels. SMC proliferation was lower under arterial shear than under low shear (Fig. 5, bottom panels) .
In addition, the media thickness also increased in EC denuded areas compared to the media thickness in the neighboring EC intact areas (Fig. 6 ). The average thickness was 309.35 ± 50.89 lm in EC intact areas, but was significantly increased to 412.83 ± 59.62 lm (n = 4, p < 0.05) in EC denuded areas.
Endothelialization Suppressed SMC Proliferation
SMC proliferation was significantly reduced in areas covered with migrating ECs in both EC injured arteries (Fig. 7) and the co-culture arterial wall model (Fig. 8) . In arteries, the SMC proliferation rates in areas fully covered with migrating ECs (located 1-3 mm from the edge of the initial injury band) were similar to those in the EC intact areas. The SMC proliferation rate increased in the transition areas with incomplete EC coverage which were located 4-5 mm from the original wound edge. In contrast, SMC proliferation rate in areas that remain un-endothelialized (no EC, located 6-8 mm from the edge of the original injury band) was significantly higher than in the EC intact areas (5.45 ± 1.8% vs. 1.4 ± 0.86%, p < 0.001, Fig. 7) . Similarly, in the co-culture arterial wall model, SMC proliferation was also suppressed by endothelialization and arterial shear stress. Specifically, SMC proliferation rates were significantly decreased in areas covered by migrating EC under arterial shear conditions compared to either the pre-endothelialized areas (under either low or arterial shear conditions) or the areas not covered by EC that were exposed to low shear stress (p < 0.001, Fig. 8) . The SMC proliferation rates were increased by almost 20-fold in areas not covered by EC and exposed low shear conditions compared to EC covered areas exposed to arterial shear conditions. The increase is approximately 2-fold compared to the preendothelialized areas exposed to low shear stress. In addition, SMC proliferation was lower under arterial shear than under low shear in EC denuded areas in both the artery injury model and co-culture model.
The Effects of Flow and Reendothelialization on SMC Migration
In injured arteries, the medial SMCs underneath the EC denuded area exhibited characteristics associated with increased migration. Specifically, the SMCs in the first sub-layer underneath the internal elastic lamina (IEL) in the EC denuded area were larger and more elongated along the radial direction (towards the lumen) as compared to SMCs underneath the EC covered area (Fig. 9, top panels) . The average crosssectional area of SMCs was significantly increased in EC denuded areas compared to SMCs in the EC intact areas (51.52 ± 11.09 vs. 115.22 ± 20.38 lm 2 , n = 4, p < 0.005, Fig. 9 , middle left). The aspect ratio of SMC was significantly higher in EC denuded areas than in the EC intact areas (2.02 ± 0.37 vs. 1.43 ± 0.13, n = 4, p < 0.05, Fig. 9 , middle right), while the shape index was significantly reduced (0.55 ± 0.04 vs. 0.66 ± 0.03, n = 4, p < 0.005). The major axis of the elongated SMC was angled close to 90°from the vertical line (94.36 ± 12.11°). These shape changes along with SMC proliferation and medial thickening are the initial stages associated with the development of intimal hyperplasia.
In the co-culture model, SMCs migrate through the mesh pores into the subendothelial space or onto the unendothelialized flow surface. In 7 consecutive areas along the length of the mesh (in the same direction of the flow), the number of SMCs migrated through the mesh pores was significantly smaller (p < 0.005) in endothelialized areas exposed to arterial shear stress compared to both endothelialized and unendothelialized areas exposed to low shear stress (Fig. 9, bottom) . Furthermore, it was noted that even though all 7 areas of the mesh were endothelialized by the end of the arterial shear stress exposure regimen, this endothelialization was a progressive phenomenon that occurred over 7 days. This progression likely accounts for the somewhat higher rate of SMC migration in the distal areas which became endothelialized at later times. 
DISCUSSION
In summary, we developed an ex vivo injured artery model and a parallel in vitro EC-SMC co-culture arterial wall model to investigate the migration of EC under shear flows. Our results demonstrated that flowgenerated wall shear stress accelerated EC migration in arteries and in the cell co-culture model. Endothelial cell coverage suppressed the migration and proliferation of the underlying SMCs.
The observed enhanced effect of shear stress on EC migration in our models is similar to what we and others have observed for EC migration in vitro. 1, 19, 37 Our data is consistent with the literature in showing that EC denudation promotes the proliferation of the underlying SMCs. 12, 14, 18, 43 EC denudation also led to SMC migration to the lumen surface of the artery and medial wall thickening, which are the early signs of restenosis and intimal hyperplasia. 41 Furthermore, our data also showed that reendothelialization significantly reduced SMC proliferation. These results support the validity of our models.
The artery injury model using ex vivo organ culture with perfusion provides an excellent model for studying cell proliferation and migration in arteries. This model maintains the natural extracellular matrix (ECM) and mechanical stress environment of vascular cells while providing independent and consistent control of the pressure and flow. Thus, this model has the advantage of specificity in determining the effects of individual factors, especially the mechanical factors, although it lacks the hormone and nerve control as compared to in vivo. By changing flow rate while maintaining other mechanical parameters (pressure, axial stretch etc.) unchanged, this model allows us to specify the observed differences that resulted from the changes in flow alone. Therefore this model provides a tool for better understanding of the EC migration process and a test bed to develop various techniques to promote EC migration and reduce SMC proliferation, as well as a tool to investigate cellular and molecular mechanisms governing these responses. Experimental manipulations such as those using genetically modified smooth muscle cells, endothelial cells, or pharmacologic agents can be evaluated on the basis that the results will likely be relevant and applicable to in vivo physiology or pathophysiology.
In this study, EC proliferation was measured by counting the BrdU positive cells on the intimal surface. While SMCs may migrate into the intima, the likelihood is very low in the EC intact area where the measurement was made. Also note that we used the Poiseuille flow equation to estimate the mean wall shear stress. Due to the pulsatility of the flow, the actual wall shear stress oscillated with time and that caused errors in the estimation. The Womersley number of the perfusion flow was estimated to be 4.6 which was the same as in normal carotid or femoral arteries and thus the effect of pulsatility was expected to be relatively small. 31, 44 In addition, our measurement showed that the flow rate oscillated between 156 to 165 mL/min, so the flow had a very large steady component (a mean flow rate of 160 mL/min) that was much higher than the oscillation component (5 mL/ min). Therefore, we expect that the error in the shear stress estimation was relatively small.
Comparison of Ex Vivo Artery Model and In Vitro
Co-culture Model
By comparing the ex vivo and in vitro models, we demonstrated that flow has similar effects on EC migration in vitro and in arteries ex vivo. EC migration depends on the shear force, cell-ECM interaction, signal pathways, and cytoskeletal changes. 6 While the shear stresses were qualitatively similar in the artery and co-culture models, the EC-ECM interactions most likely were different. This difference could be the reason for the observed difference in the migration distance. The slow EC migration in the arteries may indicate a stronger EC-ECM binding in the natural arterial structure than the EC binding to the polymer substrate in the co-culture model. These results also indicated that while the two models may yield quantitatively different results with respect to the endothelial cell migration rate, they yield similar qualitative results with respect to the influence of flow-generated shear stress on endothelial cell migration and the influence of endothelium on suppressing SMC proliferation and migration. This is particularly evident with respect to SMC proliferation in areas covered by endothelium exposed to arterial level shear stress.
Clinical Relevance
Arterial restenosis associated with thrombosis and intimal hyperplasia at sites of arterial bypass surgery, balloon angioplasty, or stent placement remains a challenging clinical problem. 26, 33 Endothelial cell injury during these procedures triggers thrombosis and inflammatory responses followed by SMC proliferation and migration as well as extracellular matrix deposition. Though we used porcine artery and vascular cells, the model can be used to study human arteries and human vascular cells. Previous studies demonstrated that human vascular cells migrated in a similar pattern under shear flow, 36 indicating that our results on porcine cells are relevant to clinical applications. In addition, previous studies have demonstrated that endothelium in an arterial shear environment exhibits an anti-inflammatory phenotype characterized by down-regulation of inflammatory genes such as monocyte chemotactic protein-1 (MCP-1) and vascular cell adhesion molecule-1 (VCAM-1). 27, 39 Thus, rapid restoration of endothelium in an arterial shear stress environment inhibits monocyte-macrophage recruitment to these sites. 27 Macrophages, via the release of multiple cytokines, are known to play a key role in promoting intimal hyperplasia. These sequences of events may lead to restenosis 26, 41 due to either acute thrombotic occlusion or, more frequently, SMC-associated intimal hyperplasia. Anti-proliferative drugs such as Sirolimus (rapamycin) have been used systemically or delivered locally using drug eluting stents to suppress SMC proliferation. These techniques have generated good results but have associated risks of delayed thrombosis requiring long-term anti-thrombotic therapy. 29 Promoting rapid reendothelization either by stent-based agents or stent surface modifications has been proposed as an alternative treatment strategy. 25, 35 Our results demonstrated that re-endothelialization associated with EC migration inhibits underlying SMC proliferation and migration.
These studies were solely focused on the influence of reendothelialization from adjacent intact endothelium at arterial injury sites on proliferation and migration of arterial wall smooth muscle cells. Recent evidence indicates that circulating endothelial progenitor cells may also contribute to this critical healing process. 45 The relative contribution of these two mechanisms for reendothelialization at injured revascularization sites remains to be determined. Based on previous studies of monocyte adherence under different levels of shear stress in this laboratory and others, 27, 39 it seems likely that adherence of circulating progenitor cells under arterial shear stress levels would be reduced compared to adherence under low shear conditions. Nevertheless, our results confirmed that higher levels of shear stress increase the migration rate of functional arterial endothelial cells from adjacent upstream areas of intact endothelium. Future and ongoing studies are directed toward using both the ex vivo and in vitro arterial wall models to evaluate strategies to increase the rate of post-injury endothelial healing.
